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J>^ Abstract: The use of efficient wavelength-shifters from the vacuum-ultraviolet to the photo- 

i-^ sensor's range of sensitivity is a key feature in detectors for Dark Matter search and neutrino 

I— I physics based on liquid argon scintillation detection. Thin film of Tetraphenyl-butadiene (TPB) 

*vj deposited onto the surface delimiting the active volume of the detector and/or onto the photosensor 

K*" optical window is the most common solution in current and planned experiments. Detector de- 

sign and response can be evaluated and correctly simulated only when the properties of the optical 
system in use (TPB film -i- substrate) are fully understood. Characterization of the optical system 
requires specific, sometimes sophisticated optical methodologies. In this paper the main features 
of TPB coatings on different, commonly used substrates is reported, as a result of two independent 
cn campaigns of measurements at the specialized optical metrology labs of ENEA and University of 

. . Tor Vergata. Measured features include TPB emission spectra with lineshape and relative intensity 

. !^ variation recorded as a function of the film thickness and for the first time down to LAr temper- 

/\ ature, as well as optical reflectance and transmittance spectra of the TPB coated substrates in the 

C^ wavelength range of the TPB emission. 

Keywords: Noble-liquid detectors (scintillation, ionization two-phase), Photoemission, Spectral 
responses. Optical detector readout concepts. 
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1. Introduction 

One of the most intriguing topics in frontier physics today is the nature of Dark Matter (DM) in the 
Universe. Well motivated candidate are the Weakly Interacting Massive Particles (WIMPs) arising 
in many of the potential extensions of the Standard Model of particle physics. WIMPs could be 
detected directly by their collisions with target nuclei in underground experiments. However, since 
the predicted signal rates are much lower than one interaction per kg of target material per day, large 
detector masses, high sensitivity to low energy deposits and ultra-low backgrounds ai^e necessary 
ingredients of any experiment aiming to discover WIMPs. Recent years have seen an increasing 
number of experiments using noble liquids like Argon or Xenon as materials for detecting WIMPs. 
These noble liquids have very high scintillation and charge yields in response to ionization events. 
Detectors collecting both signals (two-phase detectors) or only the scintillation light (single phase 
detectors) are currently in use and are likely scalable to larger masses (several ton) in the near fu- 
ture. In liquid argon (LAr) the time dependence of the scintillation light emission is significantly 
different for heavy ionizing particles, such as nuclear recoils induced by possible WIMP interac- 
tions, when compared to light ionizers like electron recoils induced by gamma (overwhelming) 
background from natural radioactivity. Background rejection and signal energy threshold greatly 
improve with scintillation light collection efficiency. Light collection efficiency is therefore the 
primary requirement in liquid argon detectors for Dark Matter search. 
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The light emission in LAr is characterized by an intrinsic band spectrum around 128 nm in 
the vacuum ultra-violet spectral region (VUV). Direct VUV detection, although possible, can be 
problematic due to the inability to transmit or guide VUV radiation to a photo-sensor; the use of 
efficient wavelength-shifters from the VUV to the photo-sensor's range of sensitivity is the most 
common solution to overcome this difficulty. Fluorescent materials are often used in the detection 
of extreme ultraviolet radiation. These materials emit visible light upon the absorption of VUV 
radiation. Tetraphenyl-butadiene (TPB) is the most commonly used wavelength shifter (organic) 
compound, especially suitable for applications requiring high sensitivity in the VUV region. TPB 
can be evaporated or deposited by dipping as thin films, yielding translucent, adherent, durable 
coating. 

A typical VUV detection system for DM search consists of an array of photosensitive devices 
(e.g. photomultipliers) viewing a LAr volume target (typically immersed in a uniform electric 
field) whose inner surfaces are TPB coated to obtain the highest scintillation light collection ef- 
ficiency. Similar schemes are also adopted in present and forthcoming massive LAr neutrino de- 
tectors, though with reduced photo-cathodic coverage and only partial TPB coating of the inner 
surfaces. 

The optical properties of the TPB fihn depend (even significantly) on the film thickness and the 
deposition process but also on the type of substrate [e.g. polymer plastic layer, or Polytetrafluo- 
roethylene (PTFE) or acrylic plastic tiles that delimit the LAr volume or the glass of the photo- 
multiplier tube (PMT) windows]. Operating in a cryogenic environment (87 K for Argon in liquid 
phase) introduces an additional dependence on temperature. Detector design and response can be 
evaluated and correctly simulated only when the properties of the optical system in use (TPB film -i- 
substrate) are fully understood. Characterization of the optical system requires specific, sometime 
sophisticated optical methodologies. In this paper the main features of TPB coatings on different 
substrates are reported, as a result of two independent campaigns of measurements at the special- 
ized optical metrology labs of ENEA and University of Tor Vergata. Measured optical features 
include TPB photoemission spectra with lineshape and relative intensity variation as a function 
of temperature (down to LAr temperature) and film thickness, as well as optical reflectance and 
transmittance of the TPB coated substrates in the wavelength range of the TPB emission. 

1.1 Down-conversion of LAr scintillation light 

For Ar in liquid phase (boiling point T=87.3 K), the scintillation emission spectrum ^ lies in the 
VUV range, with peak wavelength at 

X ~ 128 nm; (1.1) 

which corresponds to the 9.69 eV peak of a Gaussian energy band, 0.45 eV of full width (FWHM). 
Glass exhibit null transmittance for VUV photons and light has to be shifted to longer wave- 
lengths if PMTs' are being used as photo-detectors. This can be accomplished by using wavelength 
shifter aromatic hydrocarbons such as Tetraphenyl-butadiene. 
TPB (l,l,4,4-Tetraphenyl-l,3-butadiene, C28H22) is a long -recognized best suited material for 



' Only MgF2 windows provides non-negligible transmittance at short (VUV) wavelengths, however the use of this 
material is unpractical due to its fragility at low temperature and to the high cost. 



wavelength downconversion from VUV to blue- visible [0]. The emission spectrum of TPB is 
peaked at around 440 nm and extends from 390 to 520 nm, where the transmittance of the glass 
window and the photocathode quantum efficiency of the PMTs are sufficiently high 0, 0]. TPB 
fluorescence efficiency in the excitation wavelenght range from 90 nm to 250 nm was reported to 
be very high, largely exceeding Sodium Salicylate, normally used as standard reference material 
0, 0]. Recent measurements in the VUV range [0] report total integrated fluorescence efficiency 
values greater than unity. According to the material energy levels, the interaction of a (V)UV 
photon can induce in some case the production of more than one visible photon. 

Advancement of TPB coating techniques quickly developed after the initial work of McKinsey 
et al. [ED. To efficiently provide LAr based detectors with a high light detection capabilities and 
to make homogeneous the detector response, all the internal surfaces delimiting the LAr sensitive 
volume have to be made of highly reflecting layers coated by a TPB film. Scintillation VUV 
photons from energy deposition in the LAr volume propagate inside the LAr volume, then aie 
wavelength-shifted into visible photons when hitting the TPB film on the surface boundaries and 
finally the visible photons are reflected (several times) from the surfaces beneath, up to collection 
from the active (photo-cathodic) area of the PMT This is possible because the TPB film, in first 
approximation, does not absorb the visible photons. Collection efficiencies of shifted photons 
exceeding 60% can be reached with a moderate photo-cathodic coverage (~15%) if the reflectivity 
of the internal surface is high enough (above 90%) [ED. In addition, the PMT windows can also 
be coated with a very thin TPB layer whose thickness and deposition method are optimized to 
maximize the transmission of the blue shifted photons and to (at least partially) convert the VUV 
light emission component that directly hits the photo-sensitive area of the detector. 

The reflector surface delimiting the LAr volume can be either diffusive, e.g. made by PTFE 
tiles or tissue, or specular, e.g. by polymeric multi-layer plastic totally dielectric mirrors foils [HDD . 
TPB film on these surfaces, typically in the 150 to 1500 /jg/cm^ density range, is obtained by 
deposition with vacuum evaporation technique. TPB coating of the PMT glass window (50/jg/cm^ 
or less) can also be obtained by evaporation, or embedded in a polystyrene matrix (5% to 25% 
weight fraction, deposited by dip-coating in toluene solvent) for a more durable and adherent film 
deposition. Reflectance of the boundary surfaces after TPB film deposition and transmittance of 
PMT glass with TPB -polystyrene coating are fundamental detector parameters to be determined. 

2. Sample preparation 

The following optical systems have been investigated and reported in this paper: 

• TPB film on glass substrate 

• TPB film on specular reflector substrate 

• TPB in polystyrene matrix on glass substrate 

Samples were produced by thermal evaporation at different thicknesses or by dip-coating with 
solution at different TPB concentrations. Only best scintillation grade TPB (>99.0% pure) was 
used. 
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Table 1. investigated samples obtained by thermal evaporation of TPB on different substrates. The layer density is evaluated by 
precise measurement of the weight difference of the sample before and after TPB evaporation. 



Substrate type 


TPB layer density 


Substrate type 


TPB layer density 




[pg/cm-] 




[pg/cm^] 














165 




50 




200 




75 




350 




175 




390 




370 


Glass 


725 
745 


Polymeric Reflector 


475 
550 




900 




600 




1160 




770 




1175 




810 




1450 




1045 




1800 




1375 




1875 




1500 



The reflector substrate is a polymeric multi-layer plastic mirror totally dielectric (Vikuiti^'^ ESR 
by 3M® M, formerly known as VM2000'^^) with very high specular reflectivity (> 98%) E, HO] 
constant across the visible spectrum. This is a film like product, flexible and lightweight. The 
material is metal free, non-corrosive and non-conducting. It is low-shrinkage and thermally stable 
down to low temperatures. The TPB film on the reflector substrate is obtained by deposition with 
vacuum evaporation technique. 

A custom evaporation system for the TPB deposition on reflector or on glass was designed and 
realized (INFN Pavia) in 2007. The evaporation system is based on a vacuum chamber, equipped 
with an evaporation crucible (Knudsen cell) optimized for melting and evaporation of organic com- 
pounds. The Knudsen cell utilizes the principle of molecular effusion. The material to be deposited 
is heated to provide a suitable vapor pressure in an isothermal enclosure. Molecular effusion from 
an orifice on the top side of the cell gives rise to a cosine intensity distribution. The deposition 
rate is extremely stable being determined by the temperature of the furnace which is accurately 
controlled with a PID controller (Proportional Integral Derivative). The copper furnace of the cell 
is designed as a removable cartridge (mounted on the bottom side of the vacuum chamber) which 
contains the crucible, heater element and heat shields. The heater filament is a tantalum foil ele- 
ment which is isolated with PBN shields (Pyrolitic Boron Nitride). The temperature of the furnace 
is monitored by a thermocouple. 

The system (vacuum system, handling, etc.) is designed to perform an evaporation cycle in about 
two hours. This system is operated at the INFN Gran Sasso Lab (external laboratory) where a ded- 
icated (clean) area has been made available. After preparation, TPB samples (as listed in Tab.|I]) are 
sealed in nylon bags filled with inert gas (pure Argon), and stored in dark up to the experimental 
test. In Fig.[I], one can see a reflector layer before and after TPB evaporation. 

Films formed by TPB in polystyrene (PS) matrix were deposited on clean glass slides under 




Figure 1. Picture of a reflector layer before and after TPB evaporation. The layer (originally mirror-like) appears bright white due to 
light diffusion properties of the TPB film deposited on the mirror surface. 



ambient conditions. First, solutions were made in toluene by mixing pre-measured quantities of 
TPB and pure PS in grains. Solutions were mixed with an heated magnetic stirrer at a temperature 
of 40'^C for 30 min in order to make them perfectly homogeneous. The glass substrate is dipped 
in the solution, withdrawn and then left to dry in air. A thin adhesive transparent film is left on the 
glass surface. Also in this case, after preparation samples (as listed in Tab.0) are sealed in nylon 
bags in inert gas atmosphere. 

Table 2. investigated samples obtained by dip-coating of TPB in polystyrene on glass substrates. 



Substrate type 


TPB in polystyrene matrix 
Weight fraction [%] 


Glass 


1 

10 
20 

40 



3. PhotoLuminescence and PhotoExcitation 

The efficiency of the wavelength shifting mechanism depends on the wavelength of the interacting 
photons and on the properties of the fluorescent material. 

The wavelength- shifting efficiency can be measured at a reference wavelength Xemi of the 
emission spectrum, as a function of the wavelength of the incident light (source). In this case, 
the spectral behavior of the conversion efficiency (e.g. from near infrared - NIR - to VUV) is 
called PhotoExcitation (PE), or Excitation PhotoLuminescence spectrum, and represents the spec- 
tral emission characteristic of the wavelength-shifting (wis) material as a function of the absorbed 
light wavelength. 



The wavelength distribution of the converted light conversely can be obtained under pumping 
at a reference excitation wavelength Xexc in the absorption spectrum and recording the amplitude 
as a function of the wavelength of the emitted light. The spectra obtained exciting the sample at 
a given incident wavelengths are called PhotoLuminescence (PL) spectra and represent the wis 
emission spectra. PL spectra may change in shape and amplitude with the incident wavelength. 

3.1 Experimental set-up 

Two sets of TPB PL and PE measurements with different samples have been performed, the first 
set in UV-VIS spectral range at room temperature (RT) and the second one extending to the VUV 
range and exploring - for the first time to our knowledge - the effect of temperature (from RT to 
LAr T) on the wis properties. 

At optical wavelengths in UV-VIS spectral range, a HORIBA Jobin Yvon Fluorolog®-3 mod. 
FL- 1 1 spectrofluorimeter was utilized in a front- face detecting geometry to measure at room tem- 
perature the PL and PE spectra of several TPB samples of different thickness. The spectrofluorime- 
ter is equipped with a 450 W xenon excitation lamp, which provides a continuous spectral distri- 
bution in a range from 200 nm to 600 nm, two Czerny-Turner single grating (1200 grooves/mm) 
monochromators, one for excitation, blazed at 330 nm, and the other one for emission, blazed at 
500 nm. The Fluorolog® is also provided with a photodiode for intensity excitation correction 
within 240-1000 nm and a Hamamatsu R928P photomultiplier operating in photon-counting mode 
as emission detector. 

VUV PhotoExcitation and PhotoLuminescence measurements were performed using as exci- 
tation source a 30 Watt deuterium lamp (McPherson^'^Model 632), equipped with a magnesium 
fluoride MgFi window delivering a continuous spectrum ranging from 115 nm to 300 nm. The 
whole optical path from the MgF2 window down to the sample was kept in vacuum. The light 
from the lamp was collected and focused on the entrance slit of a 20 cm focal length vacuum grat- 
ing spectrometer (McPherson^'^Model 234/302) operating with a 1200 g/mm aberration corrected 
concave grating. Light from the monochromator exit slit was focused inside the sample chamber 
by a collimator mirror setup, and impinged on the sample at 45^*, exciting an area of a few square 
millimeters, depending on the slit width. Luminescence from the sample was collected at 90" with 
respect to the excitation beam, through a quartz window, after which the measurement setup was 
in air. It consisted of a collimating lens arrangement, a 30 cm focal length grating monochromator 
(ARC Model SpectraPro®-300i), equipped with a 1200 g/mm plane grating blazed at 500 nm. The 
signal was detected by a low dark counts multialkali photomultiplier, operating in single-photon 
counting regime. For the measurements in the temperature range 87 K - 300 K the samples were 
mounted on the cold finger of a closed-cycle helium cryostat, while keeping the same excitation 
and detection geometry. 

3.2 TPB evaporated on glass substrate 

PL spectra have been recorded from TPB samples deposited on glass substrate at various thick- 
nesses, with excitation wavelength in the UV-VIS range as well as in the VUV range at 128 nm. 
As example, Fig.0 shows the PL spectra measured at RT of the TPB sample evaporated on glass 
with 165 /jg/cm^ density excited at 'kexc= 295 nm, 348 nm and 380 nm. The spectra are corrected 
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Figure 2. RT photoluminescence spectra of TPB sample evaporated on glass substrate (layer density 165 ^ug/cm^) excited at three 
wavelengths. 

for the excitation intensity at these wavelengths. The emission band extends from 390 nm to 550 
nm and is peaked at about 425 nm; its lineshape is the same at all excitation wavelengths indicating 
that from the excited states of TPB, non-radiative relaxation brings the molecule to same lower 
excited state from which the 425 nm emission originates. A shoulder appears at about 450 nm 
followed by a long tail toward longer wavelengths. These structures can be attributed to a poorly 
resolved vibronic sequence. For the same sample, we report in Fig.^ the PE spectra measured at 
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Figure 3. RT photoexcitatlon spectra of TPB sample evaporated on glass substrate (layer density 1 65 /jg/cm^) at two different 
emission wavelengths. 

two emission wavelengths X^,,,, = 422 nm and 445 nm in the luminescence band. The excitation 
spectrum does not reveal any significant structure in the range 290 nm - 400 nm. One can see 
the onset of TPB excitation around 410 nm, indicating a significant overlap in the ~(390-410) nm 



range between absorption and emission spectra. This overlap can affect the high energy tail of TPB 
emission, inducing an apparent red shift of the emission band as well as a decrease of the emission 
band full width, depending on the thickness of the evaporated TPB layer. 
Such an effect can be found in the PL spectra shown in Fig.^ of four samples with different TPB 
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Figure 4. Normalized RT photoluminescence spectra of TPB samples evaporated on glass substrates recorded at four different layer 
densities, excited at 128 nm. 
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Figure 5. integrated relative plnotoluminescence intensities (a) and peak wavelength! position (b) as a function of tfie TPB layer density 
evaporated on glass substrate. 



layer thickness, measured at RT The PL spectra in Fig.^ are excited in the VUV region at Xexc- 128 
nm, and one should first notice that the emission bands do not significantly differ from those shown 
in Fig.0. The integrated relative PL intensity as a function of the layer density is plotted in Fig.^ 
[Top] and it is found to be constant, within experimental uncertainty, from 350 /ig/cm^ up to 1450 



^g/cm^ followed by a significant decrease at 1875 fig/cm^. 

As the thickness of the TPB layer increases, the emission peak and the high energy tail shift 
toward the red as an effect of re-absorption. Evaporated TPB samples are finely grained films which 
act as good scatterers for the emitted radiation, a fraction of which can therefore undergo several 
re-absorption and re-emission processes before escaping from the sample surface. The resulting 
red shift of the emission band peak is shown in Fig.^b. 

3.3 TPB evaporated on specular reflector substrate 

As for the samples evaporated on glass, TPB films evaporated on polymeric miiTor substrate 
(VM2000^'^ or Vikuiti^'^) have been optically characterized in the near UV and in the VUV 
ranges. 

The photoemission properties of the bare polymeric reflector substrate were first measured 
by recording its PL and PE spectra shown in Fig.^. PL and PE spectra were then acquired in the 
same experimental conditions from TPB samples evaporated at several layer densities on polymeric 
reflectors (Tab.|I]). 



2,5x10'- 


, 1 , 1 , 1_ 


— 1 — 1 — 

VM2000 


substrate 




' AArt' 


}. 


= 295 nm 


2-2,0x10'- 


I / y 


^exe 

■ ■ X 


= 348 nm 
= 380 nm 


^ 1,5x10'- 


'/ ^ 


» X 


= 400 nm 


-5-1,0x10'- 




\ 


■ 


_I 
Q- 

5,0x1 0*^- 
0,0- 


^/ 'xTo" 


\ 


.^^ 



300 350 400 450 500 550 600 

wavelength (nm) 



2,5x10'- 


/- — ^^-^ A 






/ ~^^ \ VM2000 substrate 


^ 2,0x10'- 


-x/ — ^=" 


= 422 nm 




.. ,-, ---- k^ 


= 445 nm 


^ 1,5x10'- 


" \ Kn 


= 460 nm 


X2 

i— 






-5- 1,0x10'- 


'"-' 


- 


UJ 


i 


■ 


5,0x10"- 


\ 


- 


0,0- 


x_ 


1 ' 1 ' 



300 320 340 360 380 400 420 440 

wavelength (nm) 



Figure 6. Bare polymeric substrate: [Left] RT photoluminesoence spectra excited at different UV-VIS wavelengtins and [Rigtit] RT 
pinotoexcitation spectra at three different emission wavelengfits. 

As example, the PL spectra of a 550 jug/cm^ TPB film on reflector (VM2000^'^) recorded at 
RT for several UV excitation wavelengths ai^e reported in Fig.[7| [Left]. The lineshape is very similar- 
to that found in the case of the glass substrate but the emission peak is red-shifted to 430 nm, 
whereas those structures ascribed to vibronic replicas do not appear to be shifted. The polymeric 
substrate behaves like a mirror in the spectral region where the TPB emission is centered [0]. This 
fact could explain the peak shift in terms of a more pronounced re-absorption effect, taking into 
account that a portion of the emitted light, after reaching the substrate is reflected back and is 
eventually collected by the detection setup. This portion of luminescence was lost in the case of 
the glass substrate, escaping from the back surface of the latter. A longer path of the emitted light 
through the TPB film, as discussed previously, could result in a enhanced red shift of the PL peak. 
For the same sample, the PE spectra measured at reference wavelengths Xemi = 422 nm, 445 nm 
and 460 nm in the luminescence band is reported in Fig.[7| [Right]. The onset of TPB excitation 
is around 420 nm, with a significant overlap in the ~(400-420) nm range between absorption and 
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Figure 7. TPB sample evaporated on polymeric reflector substrate (layer density 550 ;ug/cm-): [Left] RT photoluminescence spectra 
excited at different UV-VIS wavelengths and [Right] RT photoexcitation spectra at three different emission wavelengths. 

emission spectra. The excitation spectra do not reveal any structure in the range 290 nm - 400 nm. 
From the comparison of the signal intensities in Fig.^ and Fig.[7|, the photoluminescence emitted by 
the bare polymeric substrate can be considered negligible as it is more than an order of magnitude 
lower than that emitted by the TPB films. 

TPB films evaporated on polymeric reflector substrates (Vikuiti^'^) have been characterized 
by VUV excitation (128 nm) as a function of temperature, in the range 87 K - 300 K, and of the 
film density. For the 175 ^g/cm^ sample we show in Fig.|| the temperature dependence of the PL 
spectra excited at 128 nm. The unresolved vibronic structures at 300 K become clearly visible as 
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Figure 8. Photoluminescence spectra of TPB evaporated on polymeric reflector substrate (layer density 1 75 ;ug/cm^) excited at 1 28 
nm, as a function of temperature. The emission spectra are vertically shifted for clarity 

the temperature is decreased, and at liquid Argon temperature (87 K) we can observe at least four 
distinct structures. One can notice that the peak position of these structures do not change with 
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temperature, in agreement with the picture of weakly interacting TPB molecules. For the same rea- 
son, by lowering the temperature we observe a marked decrease of the linewidth of each structure, 
indicating that the homogeneous contribution to the linewidth, arising from the internal degrees of 
freedom of the TPB molecule, is at least comparable to the inhomogeneous contribution, the latter 
being a measure of the strength of the interaction of TPB with the surrounding environment (in the 
case of our evaporated films, the environment is made of other TPB molecules, the arrangement 
of which can vary from site to site, producing a local disorder). The observed vibronic replicas 
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Figure 9. integrated relative photoluminescence intensity as a function of temperature, for the TPB sample evaporated on polymeric 
reflector substrate (layer density 1 75 /jg/cm^). 




250 500 750 1000 1250 1500 

TPB density (p.g/cm') 



Figure 10. RT ptiotoluminescence relative peak intensity of TPB samples evaporated on polymeric reflector substrate, as function of 
the TPB layer density. 

(corresponding, in order of increasing energy, to transitions involving a change of the vibrational 



-11- 



quantum number of 1, 2, 3 and 4 in our case) are spaced in energy by 170 meV (1400 cm^') which 
closely corresponds to an effective vibrational mode associated to the stretching mode vibration 
of trans-butadiene flTTl IT^ . The vibrational structures are more pronounced at 87 K which is the 
liquid Argon temperature, at which the film are intended to be operated as wavelength shifters. For 
the same sample we report in Fig.^ the variation of the relative integrated PL intensity as a function 
of temperature, showing an increase of about 10% of the luminescence in going from 300 K to 
87 K. 

The relative luminescence yield, measured at RT, of the TPB films evaporated on polymeric reflec- 
tor substrate is plotted versus the film density in Fig.|T^ The PL intensity grows starting from the 
lower densities, as more active centers (TPB molecules) become available to excitation, reaching a 
plateau starting around 200 jug/crn^, with a slight increase up to 1000 ^g/cm^, after which the yield 
starts to decrease. 

3.4 TPB in polystyrene on glass substrate 

TPB samples at different concentrations in PS matrix on glass substrate have been characterized in 
the UV - VUV range as a function of temperature. 

The absorption spectra of TPB molecules dispersed in polystyrene are shown in Fig.|n] for 
the four investigated TPB concentrations. An absorption band is observed, peaked at about 350 
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Figure 11. RT absorption spectra of TPB in polystyrene on glass substrate, recorded at four different TPB concentrations (expressed 
as weigfit fraction of ttie solid solution). 
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run. It corresponds to the HOMO-LUMO transition^ of TPB QQ H and is responsible for the 
re-absorption mechanism described above. The absorption intensity should in principle be linearly 
dependent on the concentration of the absorbing centers for a given thickness of the film, and the 
observed deviation from linearity should be ascribed to the difficulty in controlling the thickness of 
the polystyrene film in the dip-coating process. The peak for the 40% sample is not observed due 
to saturation of the spectrophotometer. 
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Figure 12. RT photoluminescence spectra of TPB in polystyrene on glass substrate at various TPB concentrations (expressed as 
weight fraction of the solid solution). Photoluminescence spectra are excited at 1 28 nm. 

Exciting at RT the same samples at 128 nm, we obtain the PL spectra shown in Fig.|T^ The 
TPB emission bands show an overall shift toward lower energies when compared to the TPB emis- 
sion of samples evaporated on polymeric substrates. Moreover, in going from the 1% concentra- 
tion to the 40% one, a further shift to the red of the emission peak can be observed as shown in 
Fig.[BKb). 

Again, re-absorption processes are responsible for the latter red-shift, which is clearly observed 
for the nominal 10% and 20% TPB concentrations compared to the 1% concentration. The re- 
absorption mechanism seems to be less efficient for the 40% concentration for which the peak 
position is very close to that of the 20% sample, but one has to take into account the fact that at 



Chemico-Physical properties of molecules can be interpreted by using the molecular orbital model. In particular 
the energy difference between the HOMO (Highest Occupied Molecular Orbital) and the LUMO (Lowest Unoccupied 
Molecular Orbital) corresponds to the lowest excitation energy. 
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Figure 13. integrated relative photoluminescence intensities (a) and peak wavelength position (b) as a function of tfie TPB concen- 
tration (weigfit fraction %) in polystyrene on glass substrate. 
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Figure 14. Plnotolumlnesoenoe spectra of TPB in polystyrene on glass substrate (1% sample) excited at 128 nm, as a function of 
temperature. 

higher concentrations the exciting hght penetration into the sample is strongly reduced as well as 
the volume available for re-absorption. 

The PL spectra of the 1% sample as a function of temperature are shown in Fig.0. A remark- 
able difference with pure TPB evaporated on glass or polymeric layers is that we do not observe 
the vibronic structures neither at room temperature nor at lower temperatures, and the emission 
lineshape is hardly affected by temperature. This behavior closely resembles that of TPB in liquid 
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Figure 15. [Left] Photoluminescence spectra of the 1% sample of TPB in polystyrene on glass (red line) and of TPB evaporated 
on specular reflector substrate (layer density 175 /jg/cm^) (blue line), both excited at 128 nm and at liquid argon temperature (87 K). 
The spectra are normalized to unit area. [Right] RT photoexcitation spectra in the VUV region of TPB film on reflector (layer density 50 
/.ig/cm^) and of TPB in polystyrene on glass (40% sample). Both spectra are not corrected for the deuterium lamp spectral distribution. 
Note the vertical logarithmic scale. 

solutions, where the randomness of the environment geometry around the TPB molecule induces 
the observed inhomogenous broadening of the vibronic structures, which merge in a single, unre- 
solved band QH E]. 

Figure|T5| [Left] shows the PL spectrum of the 1% sample of TPB in polystyrene on glass 
together with the PL spectrum of TPB evaporated on polymeric reflector substrate (layer density 
175 liglcm^) both excited at 128 nm and at liquid argon temperature. The two spectra are normal- 
ized to unit area so that one can clearly appreciate the different spectral distribution of the emitted 
photons among the two samples. This fact can be of some relevance when one has to match the 
TPB emission with the photomultiplier spectral response in the liquid argon detectors. Figure[T3| 
[Right] shows the comparison of the RT PE spectra in the VUV region for the 40% sample of 
TPB in polystyrene and the 50 ^g/cm^ sample of TPB evaporated on reflector substrate, monitored 
at the emission peak wavelength. The spectra are not corrected for the deuterium lamp spectral 
distribution, which is responsible for the overall shape of the spectra. One can notice how the 
wavelength shifting efficiency at 128 nm of the evaporated film is about 5 times higher that of TPB 
in polystyrene at the specified concentrations. 

4. Optical Transmittance and Reflectance 

Hemispheric optical transmittance and reflectance were measured with a spectrophotometer for 
samples of TPB evaporated on specular reflector substrate and of TPB in polystirene matrix de- 
posited on glass substrate. The optical characteristics of the two substrates are very different (high 
reflectivity for the multi-layer plastic mirror substrate and high transmission for the glass) and are 
expected to play a major role in the transmittance and reflectance measurements of the different 
samples. However, TPB is a very efficient photoluminescent material, and therefore "spurious" 
contributions to the detected light are expected from TPB emission, even for thin film samples. A 
measure-correction procedure had to be designed and applied to eliminate these contributions. 
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As a matter of fact, while in a spectropiiotometer the beam of light incident onto the sam- 
ple is generally wavelength filtered, usually there is no additional spectral filter between sample 
and detector. Any PL excited by the impinging beam is therefore erroneously recorded by the 
instrument as part of the light which is transmitted or reflected - depending on the type of mea- 
surement being performed - by the sample. This fact, which practically translates into measures 
that are artificially higher than normal and even larger then unity within the photoexcitation band 
of the sample material, represents a severe source of systematic errors. This is most pronounced 
for the case of hemispheric measurements because in such a wide-angle setup photoluminescence 
is almost entirely collected by the system. 

We designed and applied a measurement procedure to eUminate the photoluminescence-induced 
errors and get corrected transmittance and reflectance spectra. 

The procedure, described in detail in flTTIl (including a full treatment of error propagation) 
implies the use of a suitable low-pass optical filter and multiple measurements which need to be 
post-processed. Restricting for conciseness the discussion to the case of optical transmittance (sim- 
ilar considerations hold for reflectance), the adopted starting hypothesis is that photoluminescence 
perturbs the measure according to 

TpenQ^) = T(k) + ^Nope{X) [ r(V) aptil') dX' (4.1) 

In the previous equation, X is the wavelength, r(?i) and Tpert{X) are respectively the real and per- 
turbed spectral transmittances of the sample, Q. is the acceptance solid angle of the detector, A'^ is 
the number of excited photoluminescent centres in the sample during the measurement, Ope (?l) and 
CfpL(?t) are the wavelength-dependent cross sections for photoexcitation and photoluminescence re- 
spectively, and r(?i) is an instrumental parameter that represents the global spectral response and 
conversion electronics of the spectrophotometer - it essentially depends on the instrument setup. 
The integral is performed over the wavelength domain Kpi where the photoluminescence cross 
section is non-zero. The above equation represents the fact that the measured results are perturbed 
only at those wavelengths that fall within the domain of non-zero photoexcitation cross section; 
elsewhere it can be assumed to be error-free, as far as this kind of error is considered. After having 
recorded the spectrum Tpert (^) , one can record another measurement with the insertion of a suitable 
low-pass filter. The optical transmittance Tp (X) of such a filter should ideally be as small and con- 
stant as possible, Tp{X) k, z '^ \, SLt the wavelengths in Ap^, much larger outside Ap^, Tp{X) » £. 
By performing a transmittance measurement with such a filter placed between sample and detector, 
the recorded spectrum should be 

r/;;r(^) = TF{X)T(k) + ^N(5pE(k) [ r{X') TpiX') apLiX') dX' (4.2) 

471 jApL 

Thanks to the required conditions for the filter, can be approximated as 

Tp'i^) « Tf{X)T{X) +£^N apEiX) f r(V) Oppir) dl! (4.3) 

471 Japl 

From the two last equations, the true transmittance of the sample in the wavelength region of 
photoemission can be extracted as 

T{x) . Ti^ri^^^T^^i}^ ^^^^ 
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Figure 16. Optical transmittance and reflectance, 7> {V) and Rf (^) , of the low pass filter selected to correct the measured photometric 
spectra according to our correction procedure. 

It should be noticed that the previous equation cannot be always applied at those photoemission 
wavelengths for which Tp (k) ^ £ because, taking uncertainties into account, the estimated uncer- 
tainty associated to the derived real transmittance could become meaninglessly larger than one 
llTTIl ; minimizing such a wavelength region inside which our procedure cannot be applied is hence 
a further criterion for selecting the most suitable optical filter among the available ones. In our 
case, this possibly troublesome wavelength interval con^esponds to about 380-410 nm. The spec- 
tral characteristics of the selected filter are plotted in Fig.[T^. 

As previously mentioned, a procedure similar- to the one so far illustrated for the transmittance 
holds also for the correction of the experimental reflectance spectra. Let us report here just the main 
result, i.e. the equation, equivalent to Eq.(|4.4D, which should be used to get the real reflectance 
spectrum from the two perturbed ones (one with the filter interposed and the other without it). 



-.filter 



R{X) 



TpCk) [MX) - e] 



(4.5) 



with obvious meaning of the used symbols. Note that Eq. (|4.5D looks slightly more complex than 
Eg. ([4.40 because the low-pass filter not only filters the light beam which is reflected by the sample, 
but also the one impinging onto it. Details about the utilizeded optical filter, further information 
concerning the correction of spectra perturbed by induced photoluminescence of the sample, and 
determination of measurement-uncertainty propagation for the application of the procedure are 
fully reported and discussed in flTTH . 

4.1 Experimental set-up 

The hemispheric optical transmittance and reflectance of the samples were measured at RT in the 
spectral range 250-600 nm by means of a Perkin-Elmer Lambda- 19® spectrophotometer equipped 
with an integrating sphere of 150 mm diameter. The Lambda-19® operates in dual-beam mode, 
meaning that the specimen is placed in the path of the sample beam, while a second beam provides a 
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reference for correcting lamp-intensity fluctuations. Background signals are automatically filtered 
out by the instrument via synchronous detection of light. For the reflectance measurements, suitable 
and calibrated reference mirrors and BaS04 capsules were used to record the so-called "baselines". 
The baselines were then used to normalize the specimen spectra in order to derive their absolute 
reflectance. 

4.2 Reflectance of TPB evaporated on specular reflector substrate 

The hemispherical reflectance of a surface layer of TPB deposited over specular reflector substrate 
is important for DM detectors characterization. The reflectance (and transmittance) of the bare 
specular reflector substrate has been first measured (see Fig.|r7|) and found consistent with available 
data from the manufacturer [Pi. 
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Figure 17. Reflectance and transmittance spectra of the specular reflector substrate. The filter procedure described in Sec.4 has 
been applied to eliminate perturbations due to (residual) photoluminescence of the substrate itself. 

A sample with TPB density of 370 /ug/cm^ over VM2000^'^ foil was measured in the wave- 
length range 250-600 nm, with the TPB side facing the incident light beam of the spectropho- 
tometer. The photoexcitation spectrum of TPB deposited on reflector substrate, shown in Fig.[7|, 
represents the wavelength interval where the measured reflectance is possibly perturbed by photo- 
luminescence and needs to be corrected with the explained procedure - see Eq.(|4.5D. 

Therefore, the measurement of the hemispherical reflectance was repeated according to our 
procedure after the insertion of the selected low-pass filter (see filter reflectance and transmittance 
spectra in Fig.|T^ and the real hemispherical reflectance of the sample was estimated by applying 
Eq.(|4.5D to the recorded spectra. The "as measured" and corrected spectra are shown in Fig.[TE[ 
The corrected reflectance spectrum of Fig.[TE| [Right] supports high reflectance, larger than 90% at 
wavelengths above 410 nm, and around 95% at 430 nm, at the onset and peak of the TPB photolu- 
minescence spectrum (Fig.||), and it was verified with other samples that to first approximation it 
is independent of the TPB thickness in the 200 to 600 ^g/cm^ range. 

This is a noticeable result that fully justifies the choice of the polymeric specular reflector with 
TPB coating for the boundary surfaces of LAr detectors, where the highest wavelength-shifting 
efficiency for VUV photons (from LAr scintillation) and the maximum reflectivity in the UV-VIS 
range (from TPB emission) should be simultaneously established. 
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Figure 18. Hemispherical reflectance spectra of a TPB surface layer deposited (density of 370 /jg/cm^) over a polymeric reflector 
substrate: as measured with and without low-pass filter [Left], and after application of the procedure to eliminate perturbations due to 
photoluminescence [Right]. Also shown (red curve) result from a reflector sample with higher TPB deposit density (600 ^ug/cm^). 



4.3 Transmittance and reflectance of TPB in polystyrene on glass substrate 

Another type of sample, consisting of a thin layer of TPB in polystyrene matrix (20% weight 
fraction) over a 1 mm thick glass slab, was optically characterized in the same wavelength range 
from 250 nm to 600 nm. In this case, the transparency of the glass substrate in a large extent of the 
examined spectral range allowed the measurement of hemispherical optical transmittance of the 
sample in addition to reflectance. Having optically analyzed a bare glass substrate of the same kind 
- see Fig.|T^ - some features of the polystyrene-diluted-TPB layer itself could be inferred from the 
available data. 
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Figure 19. Transmittance and reflectance spectra of a 1 mm thin glass substrate of the same kind as that over which a polystyrene- 
dlluted-TPB layer was deposited. 

As for the pure-TPB layer evaporated over polymeric reflector considered in the previous sec- 
tion, also in this case the photoluminescent nature of TPB gave rise to systematic errors in the 
spectra measured by means of the Lambda 19 spectrophotometer. Therefore, the correction proce- 
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Figure 20. Hemispherical transmittance (left) and reflectance (rigtit) spectra of a polystyrene-diluted-TPB layer (20% weight fraction) 
deposited over a 1 mm thin glass substrate, corrected from unwanted photoluminescence according to our correction procedure. 

dure described above was successfully applied through the elaboration of measurements taken with 
and without the low-pass filter of Fig.|T^. The resulting spectra are shown in Fig.^. Transmittance 
is at 90% level and reflectance at 10% for all wavelengths above 400 nm. 

One can notice that transmittance, Fig.^ [Left], features two minima at about 250 nm and 350 nm. 
A comparison with the con^esponding reflectance spectrum - Fig.^ [Right] - demonstrates that 
such minima correspond to optical absorption of the sample, either by the TPB+polystirene film or 
by the substrate (or both). In particular; the spectra of Fig.|T^ suggest that while the feature at 250 
nm is mainly due to the substrate glass, at wavelengths longer than ~300 nm the substrate does 
not absorb light, so that the minimum of transmittance at about 350 nm should be attributed to the 
polystyrene-diluted-TPB layer alone. As already pointed out in Sec.|3.4|, such an absorption band 
corresponds to the HOMO-LUMO transition of TPB. As far as reflectance is concerned, Fig.pD| 
[Right] demonstrates that, besides a quite weak interferential effect visible from 400 nm to 600 
nm, the reflectance of the sample is closely comparable with that of the substrate alone, so that one 
can deduce that the optical constants of glass and layer should be almost matching with each other. 

5. Conclusion 

The main spectral features and optical characteristics of TPB films on different substrates, com- 
monly employed elements of DM detector optical systems, have been investigated and presented 
here to provide means for more accurate simulations and designs of current and future LAr experi- 
ments. 

TPB emission spectra by VUV excitation at 128 nm with lineshape and relative intensity varia- 
tion down to LAr temperature were measured. For TPB films evaporated on specular reflector 
substrates, the unresolved vibronic structures at room temperature become clearly visible as the 
temperature is decreased. At 87 K one can observe at least four distinct structures and the PL inten- 
sity increases of about 10% with respect to the luminescence at room temperature. A remarkable 
difference with TPB diluted in polymeric layers on glass is that we do not observe the vibronic 
structures neither at room temperature nor at lower temperatures, and the emission lineshape is 
hardly affected by temperature. This behavior closely resembles that of TPB in liquid solutions. 
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where the randomness of the environment geometry around the TPB molecule induces the observed 
inhomogenous broadening of the vibronic structures, which merge in a single, unresolved band. 

Hemispherical reflectance and transmittance of the TPB coated substrates in the blue wave- 
length range of the TPB emission are fundamental detector parameters. Reflectance of the (bound- 
ary) mirror surfaces after TPB film deposition and transmittance of (PMT window) glass with 
TPB-polystyrene coating have been measured. The TPB-coated mirror surface spectrum, after 
careful correction of the perturbation due to TPB photoluminescence, supports high reflectance, 
larger than 90% at wavelengths above 410 nm, and around 95% at 430 nm, at the onset and peak 
of the TPB photoluminescence spectrum, and it is in first approximation independent on the TPB 
thickness in the 200 to 600 /^g/cm^ range. This result fully supports the choice of the specular 
reflector with TPB coating for the boundary surfaces of LAr detectors. Transmittance of TPB in 
polystyrene on glass substrate, after perturbation correction, is found at 90% level and reflectance 
at 10% for all wavelengths above 400 nm. This result justify this type of solution currently adopted 
by some experiments. 
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